Introduction
The introduction of rotavirus (RV) vaccines has shown a dramatic benefit to public health. Significant reductions in number of RV cases and deaths due to RV gastroenteritis have been observed. 1 In 2010, the World Health Organization (WHO) recommended that RV vaccines should be included in all national immunization programs and should be given priority. 2 Based on promising results of the phase 3, safety and efficacy clinical trial of the oral rotavirus human 116E strain (ORV 116E), ROTAVAC Ò , manufactured by Bharat Biotech International Limited, Hyderabad, India was licensed in India in 2014, 3 and is now WHO prequalified (stipulations that allow for purchase by United Nations agencies). 4 The Government of India has introduced the vaccine in nine States (Himachal Pradesh, Haryana, Orissa, Andhra Pradesh, Madhya Pradesh, Assam, Tamil Nadu, Rajasthan and Tripura) in preparation for a national roll-out in the near future. 5 
ROTAVAC
Ò was initially approved as a 3-dose regimen to be given with routine childhood vaccines at 6, 10, and 14 weeks of age along with 2.5 mL citrate-bicarbonate buffer to facilitate passage through the acidic contents of the upper gastrointestinal tract. Other licensed, orally administered RV vaccines also contain buffering components either as part of the formulation (RotaTeq Ò and Rotarix Ò , in some markets) or reconstituted at the time of administration (Rotasiil Ò in India and Rotarix Ò as well). [6] [7] [8] Of note, natural transmission of RV occurs via the faecal-oral route and occurs in the presence of un-neutralized gastric acid. In general, RVs are moderately acid labile and the acidic environment affects the viability of the virus. 9, 10 However, the human infant stomach with higher pH levels (approximately 3.2) compared to adults (approximately 1.0) may be more permissive for the survival of RV. 11 This could also account for the fact that 60 to 90% of reported human RV disease occurs in children under the age of 3 years. 12 In addition, in humans, homologous RVs (human origin RV in a human) are much more (>1000 fold) infectious than heterologous RVs (non-human origin RV in a human). Thus, very small quantities of homologous RV (10 infectious doses or less) are generally able to cause infection, illness and also confer immune response. 13, 14 Given its human origin and the age at immunization, it is plausible that the ORV 116E strain, which belongs to the G9 and P [11] genotypes, 15 may replicate and confer immunity without a buffer administration as it was initially recovered from an asymptomatic neonate. 15 In a previously conducted in-vitro study, the stability of the 116E vaccine virus strain under in various pH conditions was evaluated by acidic treatment. Virus titer loss was estimated at a specific pH as a function of time. We observed no vaccine titer loss (pH range 3-4) (supplementary Table 2 ). The neonatal origin and high pH stability of the 116E strain encouraged us to carry out this investigation to see if the challenge of pre-mixing the vaccine with the buffer before administration could be avoided to mitigate programmatic challenges when being administered along the other vaccines in The Expanded Program on Immunization (EPI).
Several studies have been carried out in the past to examine the role of buffer on the performance of RV vaccines. [16] [17] [18] A study from a previously developed RV vaccine demonstrated higher immune responses with the inclusion of buffering components, 16 a study with limitations since it did not truly mimic current usage conditions as it evaluated a single dose vaccine with low vaccine virus titre. However, licensed RV vaccines reported no difference in immune responses from buffered and un-buffered vaccines. 17, 18 These licensed vaccines use buffering components to minimize vaccine virus degradation in the stomach, and pose several logistic and programmatic challenges in terms of either having to separately transport and store the buffering diluent, and administer relatively large volumes (1.5 to 2.5 mL) of reconstituted or ready-to-use vaccine orally to infants. From a vaccine administration point of view for infants, low dose volumes are preferred. Immunization programs prefer vaccines that are "ready-to-use" and do not require reconstitution or administration of separate components, such as a diluent or a buffer, to minimize errors in administration. 19 In fact, the WHO Guidelines for Pre-Qualification of vaccines do not permit the use of reconstitution for oral vaccines. 20 ORV 116E was initially developed to be administered with buffer. 3 The rationale for the inclusion of a buffer stems from the knowledge and experiences by manufacturers of RV and other oral live vaccines (cholera and typhoid). 6, 7, 16, [21] [22] [23] In order to prevent degradation of the oral vaccine by acidic conditions of the stomach, buffering components were added in all such vaccine formulations. In view of all the above discussed issues including, 116E strain characteristics, conflicting literature reports on the role of buffer, [16] [17] [18] and programmatic considerations during the use of the vaccine, we have planned to specifically investigate the immunological characteristics (measured as anti-RV IgA) of the ORV 116E strain administered with and without a buffer. Infants were randomly assigned to receive ROTAVAC Ò (0.5 mL dose) orally: (i) 2.5 mL of citrate-bicarbonate 5 minutes prior to administration of ROTAVAC Ò (group I), (ii) 0.5 mL of ROTAVAC Ò , alone without any buffer (group II), or (iii) ROTAVAC Ò , mixed with buffer immediately before administration (group III).
Results
The average age of infants at enrollment was around 48 days, average weight was 4.2 kg and the proportion of males was 58.3%, 57.7% and 53.7% in group I, II and III respectively. There were no significant baseline differences among groups (Table 1) . Among the infants who were randomized, 863 (96%) infants completed the trial as per protocol and 37 infants discontinued the trial either due to loss to follow-up, migration from trial area or withdrew consent.
Immunogenicity
Of the infants who were analyzed per protocol, 38 
Adverse events
The distribution of unsolicited AEs, local/general AEs and serious AEs was equal amongst all treatment groups. General solicited AEs (n D 1308) were reported across all visits in all three treatment groups ( Table 3) . Fever was the most common AE reported occurring in 69.3% of infants. The other solicited general AEs, refusal to feed and vomiting was similar across the three treatment groups. All AEs are mostly due to co-administration of pentavalent vaccine, along with ROTAVAC Ò . Diarrhea was the second most common reported AE with an overall occurrence of 12.6% among all groups.
Listing of unsolicited AEs in the study subjects reported cold and cough as the most commonly reported (58.5%, 71.2, and 68.7% in group I, II and III respectively) AEs followed by irritability (26.8%, 12.1%, and 19.4% in group I, II, and III respectively).
The trial had reported eighteen serious AEs. None were determined to be vaccine related. One case of suspected intussusception was noted but was diagnosed as infantile colic after physical examinations and ultrasonography. There was one death reported due to acute renal failure and sepsis. Both cases were not related to the vaccine.
Discussion
Administration of ROTAVAC Ò in the absence of bicarbonatecitrate buffer was shown to be well tolerated and immunogenic, in terms of anti RV-IgA. Even though GMT and proportion of infants showing seroconversion were apparently higher in group II (did not receive the buffer), these were found to be statistically similar in all groups. Similarly, no difference was Table 1A . Proportion of infants with serum RV IgA < 20 U/mL and 20 U/mL at day 0 (prior to vaccination) and at day 84 (post vaccine). Association of Adverse events among groups using Chi-square test showed no differences across groups with a likelihood ratio of 3.48 and a probability of 0.48.
found in the proportion of solicited/unsolicited and serious AEs among the groups. In the current clinical trial, the results that establish the lack of requirement of buffer to confer immunity may be specific to the 116E strain, and could be due to several underlying factors: infectivity potential of homologous RV strains, unique stability of 116E strain with respect to the pH of the infant's gut, and vaccine uptake in buffered/ unbuffered conditions. An oral live attenuated RV vaccine must pass through the acidic environment of the stomach in order to infect the villus epithelium in the infant's gut. [24] [25] [26] The immune response to a live oral RV vaccine may be influenced by several factors, including those that decrease the effective titer of the vaccine virus reaching the small intestine. However, the number of infectious virions is likely to be much more critical for infection and subsequent immunogenicity with heterologous (nonhuman) RVs that are not capable of substantial productive replication in the human intestine.
14 Hence, immunogenicity may be highly dependent on the initial dose that reaches the small bowel. On the other hand, human (and all homologous RVs in homologous hosts) undergo substantial amplification in the small bowel after the initial dose of virus passes into the duodenum. Therefore, immunogenicity may be more dependent on the replication capacity of the virus in the duodenum and not only on the amount of initial virus that reaches the small intestine. Homologous RV strains, have significantly higher replicating ability than heterologous RVs and this likely confers both mucosal and systemic immunity at low virus titers, in the case of ROTAVAC Ò . 13, 14, 27 Most other RV vaccines are based on heterologous strains which require higher viral titers to confer immunity. 28, 29 The lack of difference in serological responses in groups with or without buffer may also be due to the unique pH stability of 116E strain. We had conducted in-vitro neutralization studies (Supplementary Table 2 ), which demonstrated that this vaccine ( 10 5 FFU/dose) was stable at pH 3, and at pH 2 reached a lower titer ( 10 4 FFU) after 30 minutes. Of note, in a dose escalating phase II trial, infants were vaccinated with either oral 116E 10 5 FFU or 116E 10 4 FFU. Both cohorts showed appreciable seroresponse rates. 30 Hence, the 116E strain could likely afford to lose at least 90% of its infectivity during passage through the stomach and retain its immunogenicity. 30 Current scientific understanding about viral stability shows that most RV strains are inactivated by a stomach pH 3 but are minimally inactivated at pH 4 or greater. 10 In a study measuring gastric pH in infants with a median age of 16 weeks, pH was less than 4 for only 5% of the recorded time. 31 In spite of this, it has been recommended that RV vaccines should be administered with an acid neutralizing substance or buffer; alternately, milk or formula feeding is required to negate the acid lability of the RV virus. 32 Another factor which has to be considered here is the presence of breast milk which also supposedly affects the ability to infect and, therefore, confer immunity. 33 However, recent studies have confirmed that withholding breastfeeding did not improve the immunogenicity of Rotatrix Ò in a developing country study. 34 In our current clinical trial, we have kept a record of breastfeeding by mothers during the RV vaccination time window. While breastfeeding was ad lib, we observed that mothers would breastfeed the babies in a time window of 30 minutes, before and after vaccination, but never coincided with vaccine administration. In conclusion, it could be stated that the intrinsic characteristics of the RV virus determine the necessity of buffer on vaccine effectiveness, with breastfeeding playing an insignificant role.
Low immune responses to oral RV vaccines observed in developing countries may be due in part to high levels of preexisting RV IgG antibodies transferred to the infant from the mother via the placenta. 35 High titers of RV IgG have been found to diminish the immune responses of infants to ORV 116E vaccine (with initial doses). 36 This trial did not examine the role of maternally transferred RV IgG on the immune response to ORV 116E.
This randomized trial was conducted in 16 sites, making our findings generalizable to population heterogeneity. [37] [38] [39] [40] [41] With a low attrition rate of 4% (expected 20%), the power of the study improved to 96%. On day 0, the baseline sero-response (serum RV 20 U/mL) rates of infants was low (approximately 15%) in all groups which were observed with other RV vaccine studies conducted in India. 42, 43 The proportion of baseline and post-vaccination sero-response rates, and seroconversion rates were similar to other commercially available vaccines in low-income countries. [42] [43] [44] [45] [46] [47] [48] [49] RV-specific serum IgA antibody titers were estimated using ELISA at CMC, which serves as WHO rotavirus regional reference laboratory. To further strengthen the results obtained from CMC, a subset of paired serum samples (n D 309) of randomly selected infants distributed equally across the three groups were selected for testing at THSTI and were found to be similar (Supplementary Table 3) .
The results of this study in terms of the role of the buffer on vaccine performance confirm and extend those of earlier studies that examined the role of buffer with the other licensed RV vaccine. 18 If a separate or combined buffer is not required by health workers at peripheral health facilities, many important programmatic issues, such as incorrect reconstitution of a vaccine, temporary unavailability of the buffer, reduction of the cold chain footprint, waste management after each vaccination session, and finally conformance to WHO Pre-Qualification requirements, are addressed. Major health systems costs such as transport and logistics, 19 can also be reduced. ROTAVAC Ò is the first rotavirus vaccine to be commercially adopted without buffer at a 0.5mL dose volume.
Methods

Clinical trial design and subjects
This phase 4 study was a multi-centre, randomized, Fluorescent Focus Units (FFU) of the oral human rotavirus 116E (ORV 116E) based on G9 and P [11] genotypes in a liquid dose volume of 0.5mL. The batch numbers of the vaccine vials used in the trial were 61DA13001, 61DA13002 and 61DA13003. The oral buffering agent used was citrate-bicarbonate (2.5 mL, citrate concentration was 0.032 M and bicarbonate was 0.304 M (lot number 61DB13001)). ROTAVAC Ò , was stored at -20 0 C. The citrate-bicarbonate buffer was stored at room temperature.
Infants were screened for eligibility into the study after obtaining a written informed consent from the parents/legally acceptable representative. Infants were excluded if they had received a RV vaccine, or if they had documented immunodeficiency or chronic gastroenteritis or any other disorder that was deemed necessary for exclusion by the investigator. Infants were temporarily excluded if they had any illness needing hospital referral, or diarrhea, on the day of enrolment. A total of 900 healthy infants, between 6-7 weeks of age were enrolled and were assigned randomly to a 1:1:1 ratio to one of the three treatment groups (I, II, III) based on a randomization list.
Infants were assigned to three groups to receive orally: (i) 2.5 mL of citrate-bicarbonate buffer 5 minutes prior to administration of ROTAVAC Ò (group I), (ii) ROTAVAC Ò , alone without any buffer (group II), or (iii) ROTAVAC Ò mixed with buffer immediately before administration (group III) (Fig. 1 &  Supplementary Figure 1) .
Randomization and blinding
Enrolled infants were randomly assigned to the three treatment arms in a 1:1:1 ratio using block randomisation, provided by an independent agency, Croissance Clinical Research (Hyderabad, India). Vaccine and buffer vials were labeled with a combination of subject ID, a treatment code, batch code and specific dose number. A copy of computer generated randomization list of subject numbers and decode key were sent to the biostatistician at the end of the study for statistical analysis. The sponsor and site investigators were not involved in any of the analyses.
Study Endpoints
Immunogenicity was assessed by two primary outcome measures: Geometric mean titer (GMT) in each group at day 0 (prior to vaccination) and day 84 (28 days after third dose) and proportion of infants achieving 4-fold, 3-fold and 2-fold change in anti-RV IgA antibody titer at day 84 to day 0. Additionally, infants with pre-vaccination titer of <20 U/mL achieving post-vaccination titer of 20 U/mL were considered to have seroconverted, while infants with baseline titers of 20 U/mL (»15% of in all the study groups), were also considered to have seroconverted upon achieving a 2-fold rise at day 84 titers. The endpoints selected were based on previously conducted trials on the ORV 116E vaccine.
3,30
Procedures ROTAVAC Ò 10 5 FFU, 0.5 ml, vials were distributed and stored at -20 0 C and allowed to thaw at 2-8 C followed by room temperature before administration. The citrate-bicarbonate buffer was stored at room temperature (25-35 C) . The vaccine was administered at day 0, day 28 and day 56 concurrently with other childhood EPI vaccines (Oral Polio Vaccine (BIO-POLIO Ò ), Diphtheria, Tetanus and Pertussis (DTP), Hepatitis B and Haemophilus influenza type b combination vaccine (ComVac5 Ò ). There were no specific instructions to mothers regarding breastfeeding before/after vaccination. Peripheral venous blood samples (5 ml) were obtained at day 0 (prior to vaccine administration) and day 84 (28 days after third dose). Clinical data management and analyses was contracted to Sensaas India, Private Limited. All laboratory assays were conducted at Wellcome Trust Research Laboratories, Christian Medical College (CMC), India and at Translational Health Science and Technology Institute (THSTI), India. GMT was calculated based on serum anti-RV specific IgA titers which were estimated using an enzyme-linked immunosorbent assay (ELISA) using 1% Blotto at CMC and a subset of paired serum samples (n D 309) of randomly selected infants distributed equally across the three groups were selected for RV IgA testing at the Translational Health Sciences and Technology (THSTI), Gurgaon, India. The quantity of serum anti-RV specific IgA titers was determined by comparison of the net optical density from sample wells to a standard curve generated by a human plasma standard.
Reactogenicity and safety
All infants were followed up for safety after vaccination by documentation of adverse events (AEs) between the administration of the first dose and 28 days after the third dose of vaccine. Infants were observed for 30 minutes post vaccination for signs of vomiting or spitting and immediate adverse reactions. Detailed safety information for solicited AEs, unsolicited AEs, and serious AEs was collected via subject diary card, telephonic contact by the clinical trial team and review at each study visit.
Vaccine reactogenicity was documented as events reported within 7 days following vaccination. Since all infants received concurrent childhood vaccines, the local solicited AEs included those related to the site of vaccine administration (pain, redness and swelling at the site of injection) and general solicited AEs included fever, crying, refusal to feed, diarrhea, and vomiting. AEs were graded for severity and relatedness by the investigators. Any cases of intussusception confirmed by the treating physician were reviewed by an independent case adjudication committee to ascertain if they met the Diagnostic Certainty Level Criteria 1 developed by Brighton Collaboration Intussusception Working Group. 50 Serious AEs were reported to the Drug Controller General of India and the Ethics Committee and reviewed by a Data Safety Monitoring Board within the stipulated timeline. Medical expenses and hospital visits were covered by the sponsor.
Statistical analyses
Using 1.0 and 0.8 log10 standard deviation (IgA antibody) and 50% seroconversion rates from the Phase 3 trial, 3 a total of 900 infants were enrolled in this trial. The sample size estimation was calculated using nQuery software, based on 90% power and a 20% dropout rate, with a non-inferiority margin of 10% for seroconversion and a two-sided confidence interval (CI) limit of 97.5% for GMT. An independent research organization, Sensaas India, Private Limited conducted the analyses using SAS version 9.3.
One-way ANOVA test was used to calculate differences in demographic variables among groups. GMT was calculated for both day 0 and day 84 titers and a two-sided t-test was used to calculate ratios between the three groups with 95% confidence intervals. Seroconversion and seroresponse was presented as counts and percentages with 95% confidence intervals. Chisquare test or fisher's exact test was used to calculate differences in categorical variables and proportion of adverse events reported.
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